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ABSTRACT
Recently, it was experimentally shown that the performance and thermal stability of the per-
ovskite MAPbI3 were improved upon the adsorption of a molecular layer of caffeine. In thiswork, we used a hybrid methodology that combines Uncoupled Monte Carlo (UMC) and Den-
sity Functional Theory (DFT) simulations to investigate the adsorption mechanism of a caffeine
molecule on the surface of MAPbI3. Our results showed that the adsorption distance and en-
ergy of a caffeine molecule on the MAPbI3 surface are 2.0 Å and -0.048 meV, respectively.The electric dipole moment for this composite system is 3.95 Debye, which suggests that the
charge separation in caffeine/MAPbI3-based PSC is a favorable effect that can occur directly.The caffeine/MAPbI3 complex present a direct bandgap of 2.38 eV with two flat intragap bands(1.15 and 2.18 eV from the valence band), yielding possible absorption channels (red and yellow,
respectively) for excitations within the visible spectrum.
1. Introduction
The achievements obtained in producing a more efficient third-generation of solar cells were fundamental for the
recent advances in photovoltaics [1–5]. Nowadays, this new generation of photovoltaic technology, with low cost and
potential fast production on a large scale, has as protagonist the organic-inorganic halide perovskites [6–11]. Among
them, the most studied material is MAPbI3 (MA refers to methylamine) [12–23]. The success of this material in
manufacturing solar cells is attributed to some of its outstanding properties such as suitable bandgap for optoelectronics
applications, high photon absorption coefficient, fast exciton to polaron conversion (due to very low biding energy for
excitons), and the long lifetime presented by free charge carriers [6, 10]. Although MAPbI3 possesses interesting
properties for photovoltaic applications, the problem of low photo and thermal stability are still drawbacks for its
commercialization [10, 12, 21].
Recently, experimental investigations proposed improvements in the thermal stability of perovskite-based solar
cells (PSCs) upon the doping or adsorption of small molecules (molecular dyes) on their surfaces [4, 23–31]. One of
the aims of these studies was to address the fast degradation of these perovskite species when exposed to environmental
factors. Choi and et al. achieved a thermally stable and highly efficient PSC by employing a zwitterion-modified SnO2
as an electron transporting layer (ETL) [25]. They have obtained that zwitterion when well-linked with SnO2 enhanced
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film coverage and perovskite crystal formation. The proposed perovskite-based ETL showed interesting properties such
as high conductivity, effective charge extraction, and excellent recombination resistance owing to the dipoles by the
zwitterions. Their zwitterion-SnO2-based device exhibited much improved photovoltaic properties compared to the
SnO2-based device. The optimized device yielded power conversion efficiency (PCE) values of 21.43% [25]. Wang
and colleagues showed that the adsorption of caffeine molecules improved the performance and thermal stability of
PSCs based on MAPbI33 layers [23]. Their findings revealed that the strong interaction between caffeine and Pb2+
ions serves as a “molecular lock” that increases the activation energy during film crystallization, yielding a perovskite
film with a preferred orientation, improved electronic properties, greatly enhanced thermal stability, and a stabilized
PCE of 19.8% [23]. Albeit some dye-sensitized PSCs have been proposed recently with improved PCE [26, 29, 30],
the adsorption mechanisms between molecular dyes on perovskite layers remain not fully understood.
In the present work — inspired by the recent progress in obtaining MAPbI33-based PSCs with improved perfor-
mance upon caffeine doping [23] — we carried out uncoupled Monte Carlo (UMC) and density functional theory
(DFT) simulations to study the structural and electronic properties of the caffeine/MAPbI33 complex. This hybrid
methodology showed a good compromise between computational cost and accuracy [32]. From the UMC realizations,
the caffeine/MAPbI33 conformation of the lowest interaction energy is obtained. DFT calculations were used to ob-
tain the electronic properties of this structure. In this way, by combining UMC and DFT methodologies we proposed
a more detailed description of the adsorption mechanism of caffeine molecules on MAPbI33 layers, contributing to
further understand the interaction between these species.
2. Methodology
For the description of the structural and electronic properties of a caffeine molecule adsorbed on a MAPbI33
layer, we used UMC and DFT simulations as implemented in Materials Studio (Adsorption Locator Modulus) [33–
36] and SIESTA [37], respectively. The UMC approach samples several configurations in the canonical ensemble by
generating a large set of caffeine/MAPbI33 systems, starting from a trial (random) configuration. The arrangement of
these conformations is randomly chosen by rotating and translating the molecule (caffeine) about an axis fixed by a
substrate (MAPbI33 layer). The search for the lowest energy configurations is accomplished by using the simulated
annealing method. The Metropolis algorithm provides the statistical weights employed in this scheme [36]. Here, the
parameters used in the annealing procedure were: 50000 annealing cycles, 300 K for the initial temperature, 500 K
for the mid-cycle temperature, 5 heating ramps per cycle, 100 dynamic steps per ramp, and 5000 for the total number
of steps. These parameters were used before to simulate the interaction between a pentacene dimer [32]. This UMC
protocol yields the system conformation with the lowest interaction energy (see Figure 1). We take this complex to
study the electronic properties of the caffeine molecule adsorbed on MAPbI33. Importantly, a satisfactory number of
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conformations (100) were considered. The UMC mentioned above was repeated 100 times to obtain the best set of
minimal configurations.
When it comes to the DFT calculations, a good simulation performance in describing a system containing the Pb2+
ion is achieved using single zeta polarized basis functions [38]. Relativistic pseudopotentials were also used [39],
with core correction and parameterized by Troullier-Martins’ method [40]. The exchange-correlation energies were
approximated by the GGA functional, using the Becker’s exchange functional methodology [41], and Lee-Yang-Parr
correlation (BLYP) [42]. The BLYP functional was successfully used to calculate the electronic structure properties
of perovskites [43, 44]. The cut-off energy was settled as 500 Ry. Due to the large value of the lattice parameters, we
have employed a 15 × 15 × 5Monkhorst-Pack mesh to better describe the properties within a volume in the reciprocal
lattice [45]. Importantly, the lowest energy configuration yielded in UMC simulations was optimized using DFT and
the final structure was practically unaltered. Figure 1 shows the optimized geometry for the caffeine/MAPbI3 complex.
Caffeine and MA (methylammonium) have the following chemical formulas C8H10N4O2 and CH3NH3, respectively.
푑0 is distance between this molecule to the perovskite surface after the geometry optimization 2.0 Å. The perovskite
present cubic structure with supercell dimensions of 25.57 Å × 25.57 Å × 56.7 Å for the x, y, and z directions,
respectively. The value along the z-direction is large enough to prevent spurious interactions between the image layers.
The Pb-I distances are 3.20 Å and 3.22 Å in x and y directions, respectively, and 2.90 Å for z-direction. The forces
converged until reaching a minimum value of 1.0×10−3 eV/Å. In order to ensure a good compromise between the
accuracy of our results and the computational feasibility, the tolerance in the density of the matrix and in the total
energy was set at 1.0×10−4 and 1.0×10−5 eV, respectively.
Pb
I
C
N
O
H
δ0
Figure 1: Schematic representation of the optimized caffeine/MAPbI3 structure. The left panel illustrates the side view
whereas the right panel shows the top view. The color scheme for the atoms is presented within the figure. Caffeine and
MA (methylammonium) have the following chemical formulas C8H10N4O2 and CH3NH3, respectively. 훿0 is the distance
between this molecule to the perovskite surface after the geometry optimization (2.0 Å).
Pereira Júnior et al.: Preprint submitted to Elsevier Page 3 of 12
Adsorption Mechanism of Caffeine on MAPbI3 Perovskite Surfaces
3. Results
We begin our discussions by examining the crystal structure for the caffeine/MAPbI3 configuration after the dye
adsorption. In this way, Figure 2(a) depicts the calculated X-ray diffraction (XRD) pattern for this configuration at
300 K. Figures 2(b) and 2(c) show the XRD pattern for the isolated Perovskite layer and for the difference between
the cases 2(b) and 2(c), respectively. The XRD pattern was obtained by using the Reflex module as implemented
in Materials Studio [46–48]. The inset panel shows the XRD measurements obtained in reference [23]. We can
see that the calculated XRD pattern shows a good agreement with the experimental one [23], even considering the
adsorption mechanism of a single caffeine molecule on top of a MAPbI3 surface. The calculated reflection peaks
occur at approximately 14.02◦, very close to the one reported in experiments (13.90◦, inset panel in Figure 2) [28].
This XRD pattern points to a tetragonal perovskite phase with the dominant (110) lattice reflection at 14.02◦, which
is the preferred orientation for the perovskite films [23]. These results show that our combined UMC–DFT approach
can accurately describe the adsorption of molecular dyes on the surface of MAPbI3 layers. As expected, the caffeine
adsorption does not significantly affect the main peaks associated with MAPbI3 since caffeine remains on the surface
(no intercalation), as shown in Figure 2(c).
To quantify the interaction between caffeine and MAPbI3, we have calculated the adsorption energies according to
the expression 퐸푎 = [퐸푝푐 − (퐸푝 +퐸푐)]∕훿20 , where 퐸푝푐 , 퐸푝, and 퐸푐 are the total energies for the caffeine/MAPbI3 con-
figuration after the dye adsorption, isolated MAPbI3 monolayer, and isolated caffeine molecule, respectively. Figure
3(a) shows the calculated adsorption energies as a function of the distance 훿푅 (in the z-direction) between the atoms
with the highest and lowest z-values in MAPbI3 and caffeine, respectively. Figure 3(b) shows the calculated electric
dipole moment for related cases in Figure 3(a). During the vertical displacement, the caffeine orientation regarding
the MAPbI3 plane remains fixed. These calculations started from the lowest energy caffeine/MAPbI3 configuration
obtained from the UMC simulations. In Figure 3(a) one can observe that the lowest value for the adsorption energy
(퐸0 =-0.25 meV) is obtained at 훿0 =1.2 Å. This distance is smaller than to the one for the structure generated in the
UMC simulations (2.0 Å). Moreover, from Figure 3(a) we note that the maximum 훿푅 for realizing an interaction be-
tween caffeine and MAPbI3 is 2.92 Å. Figure 3(b) shows that the composite system presents small polarization effect
when contrasted with the isolated MAPbI3 one, which has total electric dipole moment about 6.14 Debye. The electric
dipole moment for the composite system at 훿0 =1.2 Å is 푃0 = 2.61 Debey and at 훿0 =2.0 Å (adsorption distance in
UCM simulations) is 푃0 = 3.95 Debye. These results suggest that the charge separation in caffeine/MAPbI3-based
PSC is a favorable effect that can occur in a direct way.
Figure 4 illustrates the electrostatic potential over the structure. One can realize that the Pb2+ ions acquire negative
charge (green spots), while the iodine atoms, MA molecules, and the caffeine molecule are positively charged (cyan
spots). Due to this charge configuration, the caffeine molecule is adsorbed on the perovskite structure by interacting
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Figure 2: Calculated X-ray diffraction pattern for the caffeine/MAPbI3 configuration at 300 K, after the dye adsorption.
The inset panel shows the XRD measurements obtained from reference [23].
with the Pb2+ ions. Therefore, the interaction between the caffeine molecule and Pb2+ ion contributes to the stability
of the structure. Importantly, this trend was also experimentally observed [23].
Now we present the electronic band structure calculated for the caffeine/MAPbI3 complex. Figures 5(a) and 5(b)
show the band structure signatures for the isolated MAPbI3 lattice and the one for caffeine/MAPbI3 configuration,
respectively. In Figure 5(a), we can observe a direct bandgap of about 2.38 eV at the gamma point. This value agrees
with the ones reported in the literature [49, 50]. Upon the caffeine adsorption, the MAPbI3 bandgap remains unaltered,
as inferred from Figure 5(b). Such a bandgap signature denotes a possibility of optical absorption within the visible
spectrum for green photons. However, in Figure 5(b), we note the appearance of flat midgap states due to the caffeine
adsorption, which are characteristics of molecular energy spectra. The distances between them and the Fermi level
are 1.15 eV and 2.18 eV, close to the energies of the visible spectrum, suggesting red and yellow photon absorptions,
respectively. These absorptions are possible when the material is exposed to the sunlight. Since the momentum
conservation of the excited electron upon photon absorption is characterized by the presence of a direct bandgap, the
vertical (direct) transition of this excited electron can form excitons spontaneously. The presence of flat midgap states
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Figure 3: Calculated adsorption energies as a function of the distance 훿푅 (in the z-direction) between the atoms with
the highest and lowest z-values in MAPbI3 and caffeine, respectively. 퐸0 is minimum adsorption energy (-0.25 meV), 훿0
is the equilibrium distance between the caffeine and MAPbI3, and 푃0 is the total electric dipole moment for the system
configuration at 훿0.
favors the formation of excitons with considerably lower binding energy. These excitons are easily dissociated in the
material due to the weak interaction between the electron-hole pair. In this sense, more separated electron and hole
carriers are formed, which can improve the efficiency of the photovoltaic effect in caffeine/MAPbI3-based PSCs.
Finally, Figure 6 presents the projected density of states (DOS) related to the band structure presented in Figure
5(b). In this figure, one can note that the contribution of the valence orbital 푝 is significant only for occupied states
below the Fermi level for the iodine species. Carbon, nitrogen, and oxygen species contribute to the 푝-orbital only for
the two peaks above the Fermi level. These peaks are characteristics of molecular orbitals and they are related to the
flat midgap levels presented in the band structure of the caffeine/MAPbI3 configuration (see Figure 5). As can be seen
in Figure 6, the Pb atoms contribute only to the occupation of the 푠-orbitals for the levels below the Fermi level.
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Figure 4: Schematic representation of the electrostatic potential over the structure. Pb2+ ions acquire negative charge
(green spots), while the iodine atoms, MA molecules, and the caffeine molecule are positively charged (cyan spots).
4. Conclusions
In summary, we employed a hybrid methodology that combined uncoupled Monte Carlo and density functional
theory simulations to study the structural and electronic properties of a caffeine molecule adsorbed on the surface
of MAPbI3 perovskite. Our findings showed that the adsorption distance and energy of a caffeine molecule on the
MAPbI3 surface are 2.0 Å and -0.048 meV, respectively. The calculated X-ray diffraction pattern at 300 K showed a
good agreement with the experimental one. The calculated reflection peak occurs at approximately 14.02◦, very close
to the one reported in experiments (13.90◦) [28]. The lowest value for the adsorption energy (퐸0 =-0.25 meV) is
obtained when the caffeine molecule is placed 1.2 Å above the MAPbI3 surface. Moreover, the electrostatic potential
analysis revealed that the caffeine molecule is adsorbed on the perovskite structure due to its interaction with the Pb2+
ions. The caffeine/MAPbI3 composite system — with total electric dipole moment 3.95 Debye — presents small
polarization effect when contrasted with the isolated MAPbI3 one, which has total electric dipole moment about 6.14
Debye. In this sense, the charge separation in caffeine/MAPbI3-based PSC is a favorable effect that can occur directly.
The caffeine/MAPbI3 complex present a direct bandgap of 2.38 eV with two flat intragap levels distanced 1.15 and
2.18 eV from the valence band, yielding possible absorption channels (red and yellow, respectively) for excitations
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Eg=2.38 eV
dE1=1.15 eV
dE2=2.18 eV
Eg=2.38 eV
(a) (b)
Figure 5: Electronic band structure (a) for the isolated MAPbI3 perovskite and (b) for the caffeine/MAPbI3 configuration.
The arrows in these figures are denoting the green (2.38 eV), yellow (2.18 eV), and red (1.15 eV) absorptions. 퐸퐹 stands
for the Fermi Level.
within the visible spectrum.
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